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SUMMARY 


Surface heat transfer distributions are presented for regions where three- 
dimensional separated flow effects are prominent on a model representative of a 
fuselage-wing-elevon portion of a hypersonic aircraft. The basic model is com- 
posed of a sharp leading-edge flat-plate wing (0°, 50°, or 70° sweepback) with 
a trailing-edge elevon (0°, 10°, 20°, or 30° ramps). The model has attachable 
center bodies and tip fins. Data were obtained using the phase change coating 
(paint) technique in the Langley 20-inch Mach 6 tunnel for a free-stream Reynolds 
number of about 17 x lo® based on the wing root chord. The data reveal consid- 
erably larger regions of elevon- induced thermal loads on adjacent surfaces than 
would be suggested by standard strip, boundary-layer analyses. For comparable 
flow conditions, the data may be used to guide analyses of wing sweep, elevon 
deflection angle, center body, and tip fin effects on portions of hypersonic 
aircraft similar to the wing-elevon model used in this experiment. 

INTRODUCTION 

Thermal loads on the surfaces of high speed aircraft can be altered greatly 
when shock waves impinge on the boundary-layer flows on these surfaces. Such 
interaction frequently causes boundary-layer separation. The resulting surface 
heat transfer distributions are far different from those anticipated if the vis- 
cous interaction between the shock wave and the boundary layer does not occur. 
These interactions are widely recognized as an important problem area in the 
design of high speed aircraft and have prompted many investigations of shock- 
induced separated flows (refs. 1 and 2). The investigations have resulted in 
an understanding of some features of two-dimensional separated flows, but there 
are still many unanswered questions pertaining to three-dimensional flow sep- 
aration (ref. 3). The problem has eluded theoretical solutions because of its 
complexity, but because of its great practical importance, it has attracted 
considerable attention (refs. 1 to 4). An improved understanding of three- 
dimensional flow separation is needed for the efficient design of high speed 
vehicles such as the space shuttle and advanced supersonic transports. 

The particular problem addressed by this report is flow separation caused 
by elevon deflections on high speed aircraft. Even small elevon deflections 
cause shock waves that can impinge on adjacent fuselage and tip fin surfaces. 

The interaction of the shock wave with the boundary layers on these surfaces 
can result in extensive regions of separated flow and induce substantial pres- 
sure and thermal loads on the surfaces (refs. 3, 5, and 6). These increased 
loads can compromise an aircraft design. Although these effects are of vital 
importance to high speed aircraft design, there are very few experimental data 
of general applicability to three-dimensional separated flows and no satisfac- 
tory analytical methods for predicting the interaction effects (refs. 7 to 9). 

The character of the boundary layer is one of the most important factors 
influencing interactions between the shock wave and the boundary layer (ref. 10). 


wind tunnel models of complete configurations frequently have laminar or tran- 
sitional boundary layers unlike the actual flight configurations which have pre- 
dominately turbulent boundary-layer flows over their surfaces. This discrepancy, 
caused by the limitations of hypersonic wind tunnels on model size, makes ques- 
tionable the validity of extrapolating small scale model data to full scale 
flight vehicles. 

An experimental program was designed to obtain much needed empirical data 
applicable to elevon- induced separation on high speed vehicles. Instead of a 
complete configuration, a simple "wing-elevon" model was used to simulate the 
wing and aft fuselage portion of a "typical" hypersonic vehicle. (See fig. 1 anc 
refs. 11 to 14.) The chord of the semispan wing-elevon model could be made 
several times larger than the wing chord for a model of a complete configuration 
(for the same wind tunnel) . Thus, more detailed data could be obtained in the 
interaction flow region. Further, chord length Reynolds numbers comparable to 
those anticipated for flight vehicles could be achieved, so the boundary layer 
would be predominately turbulent, similar to that on the flight vehicle. 

Fundamental shapes (flat plate and cylindrical surfaces) were chosen to 
make the data as generally applicable as possible and to increase the useful- 
ness of the data in guiding theoretical analyses of interaction flow regions 
with a minimum of extraneous effects. Sharp leading-edge flat-plate wings with 
leading-edge sweep angles of 0°, 50°, and 70° were tested at a 0° angle of 
attack. Regions of boundary-layer transition on these wings are parallel to 
the sharp leading edges (ref. 15). For the 70° swept wing, the boundary layer 
at the elevon hinge line location will be turbulent on the inboard portion of 
the wing (near the root chord) and transitional or laminar on the outboard 
portion (near the wing tip) (refs. 16 and 17) . Because the character of the 
boundary layer strongly affects flow separation (ref. 10) , wing sweep effects 
can strongly influence separation ahead of an elevon. In addition to wing 
sweep and elevon deflection angle effects, attachable inboard bodies and tip 
fins were used to provide data for determining the effects of adjacent fuselage 
surfaces and tip fins on the heat transfer distributions. 

Experiments were conducted in the Langley 20- inch Mach 6 tunnel for root 
chord Reynolds numbers of approximately 17 x 10®. Pressure and heat transfer 
distributions, as well as oil flow and schlieren photographic data, were obtainec 
for many model configurations. The pressure distributions and photographic data 
obtained using the pressure instrumented model are presented in reference 18. 

The heat transfer distributions and pertinent photographic data are presented in 
this paper. 


SYMBOLS 


All values are given in SI units with the exception of table I where both 
SI and U.S. Customary Units are given. Measurements were made in U.S. Customary 
Units. 
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c specific heat capacity of silicone rubber portions of model, J/kg-K 

g width of gap between end plate and inboard edge of elevon, cm 

(fig. 2) 

H.L. hinge line 

h heat transfer coefficient, W/m^-K 

k thermal conductivity of silicone rubber portions of model, W/m-K 

M Mach number 

p pressure. Pa 

Reynolds number based on free-stream conditions and length 
(64.14 cm) of wing root chord 

T temperature, K 

t time, sec 

X streamwise distance measured along surface of wing and elevon 

fron wing apex (wing leading edge for unswept wing), cm (fig. 2) 

(X in figures) 

y spanwise distance measured outboard from inboard edge of the 

elevon, cm (fig. 2) (Y in figures) 

z distance measured on end plate upward fran wing surface, cm (fig. 2) 

(Z in figures) 

e elevon deflection angle, deg 

A wing sweep angle, deg 

p density of silicone rubber portions of model, kg/m^ 

Subscripts: 

aw adiabatic wall 

i initial 

pc phase change of paint coating 

t stagnation conditions of free-stream tunnel flow 

°° free-stream flow conditions 
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EXPERIMENTAL PRCXJEDURES 


Model 

Outlines of a typical hypersonic flight configuration and the wing-elevon 
model used for the subject tests are sketched in figure 1. The semispan model 
is designed to simulate the aft fuselage and wing portion of the flight configu- 
ration. Flat plate wings with machined- sharp leading edges swept 0°, 50°, and 
70° were fabricated (fig. 2) . The wings have a partial span trailing-edge 
eleven that can be set at 0°, 10°, 20°, or 30° (flow compression) deflection 
angles. The eleven is sealed to the wing surface to prevent any air flow between 
the wing and eleven. 

The model has an end plate (shown in fig. 2) and a cylindrical body (fig. 3) 
that can be attached to the inboard (root> portions of the wings to simulate an 
aft fuselage section. Thus, data may be obtained in the absence of inboard body 
effects simulating the lower wing surface of the flight configuration outlined 
in figure 1. Alternatively, data may be obtained with effective inboard end 
plating simulating the upper wing surface, by attaching either the end plate or 
cylindrical body to the wing. 

The model also has tip fins and plates (fig. 4) that can be attached to the 
outboard portions of the wings. There are both large and small tip fins and 
plates simulating those on the upper and lower wing surfaces of the flight con- 
figuration outlined in figure 1. The tip fins are toed-in whereas the tip plates 
are alined with the free-stream flow direction. When either the large or the 
small tip plate is attached to the wing surface, the tip plate is sealed to the 
elevon to prevent air flow between the tip plate and elevon. 

To make investigations of the effects of air flow between an elevon and aft 
fuselage section possible, the end plate is attachable in different spanwise 
positions on the inboard portions of the wings. The resulting gaps between the 
elevon and end plate can be varied from 0 (end plate sealed to elevon) to 1.27 cm 
(fig. 2). 

A photograph of one of the wing-elevon model configurations is shown in 
figure 5. The cylindrical body and large tip fin are attached to the 70° wing, 
and the elevon is deflected 20°. As indicated by the dotted lines in figures 2 
and 3 and evidenced in figure 5 by the lighter areas, the aft portions of the 
model (in the vicinity of the elevon) are comprised of 0.64-cm-thick inserts of 
silicone rubber. The inserts on the fins, plates, body, wing, and elevon encom- 
pass the interaction flow region and are composed of a nonconductive material 
ideal for the use of the phase change paint technique (refs. 19 to 23) for 
obtaining heat transfer data. 


Apparatus and Test Conditions 


The experiments were conducted in the Langley 20-inch Mach 6 tunnel, a 
blowdown wind tunnel with a square test section (see appendix of ref. 24) . The 
model configurations were strut-mounted to an injection system located beneath 
the tunnel test section. Nominal values of the tunnel flow stagnation pressure 
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and temperature used for these experiments are shown in table I together with 
the free-stream pressure, free-stream Mach number, and free-stream Reynolds 
number based on the wing root chord of 64.14 cm. 


TABLE I.- TUNNEL FLOW CONDITIONS 


Pt, Pa (psia) . 
Pco, Pa (psia) . 
Tt, K (OR) 

Pc 


3 562 000 (517) 
. 2256 (0.327) 

. . . 537 (967) 

6 

. . 17.41 X 106 


Motion-picture cameras were mounted next to viewing ports above and on one 
side of the test section in order to provide planform and profile motion pic- 
tures of the oil flow and progression of the region of melted paint on the model. 
The cameras use 35-mm film and, for these experiments, were set to take "double 
frames" at the rate of 10 per sec. 

The model configurations tested are indicated in table II. The wing sweep 
angle is A and the eleven deflection angle is e. "Inboard" refers to the 
root chord portion of the wing; "outboard" refers to the wing tip region. As 
table II indicates, the tip fins and the cylindrical body (figs. 3 to 5) were 
attached only to the 70° wing. 


TABLE II.- MODEL CONFIGURATIONS 
[e = 0°, 10°, 20°, and 30° for all configurationsj 


A, 

deg 

Inboard 

attachment 

Outboard attachments 

0 

None 

None, small tip plate, large tip plate 


End plate 

None,® large tip plate 

50 

None 

None 


End plate 

None 

70 

None 

None, small tip plate, small tip fin 


End plate 

None,® large tip plate® 


Cylinder 

None, large tip plate, large tip fin 


^Different end plate - eleven gap sizes for these 
configurations. 
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Test Procedures and Data Reduction 


The oil flow technique was used to ascertain the surface flow pattern. 

The model surfaces were prerubbed with silicone oil (Dow Corning Fluid 550) . 

A random pattern of oil drops of varying sizes was then splattered on the model 
surfaces using a mixture of 10 ml of the same oil, 10 ml of titanium dioxide, 
and 1 ml of oleic acid. The model was injected into the established tunnel 
flow, the oil flow was observed with a TV camera, and top and side motion pic- 
tures of the oil flow were taken until the flow pattern was firmly established 
and there was no further apparent oil droplet movement. 

Aerodynamic heat transfer coefficient distributions were obtained by the 
phase change coating (paint) technique described in reference 19. This tech- 
nique provides continuous heat transfer coefficient distributions over the 
model surfaces and does not require instrumented models. A thin coating of a 
paint that changes phase (melts) at a known temperature is sprayed on the model. 
The model is then injected into the tunnel flow. The model surface temperature 
rises as a result of aerodynamic heating, and the coating melts on portions of 
the surface when the phase change temperature is attained. Photographing the 
model with motion-picture cameras at a known framing rate determines the loca- 
tion of the phase change line as a function of time; this information permits 
the local heat transfer coefficient to be computed (refs. 19 and 20) . 

Sample frames from the planform and profile motion pictures showing the 
regression of the phase change coating are shown in figure 6 for the 70° wing 
with the cylindrical body, 30° elevon, and large tip fin. The regions of melted 
paint are delineated by dashed lines to aid interpretation of the films. In 
interpreting such films, care must be taken to distinguish between shadows 
(such as the one cast by the tip fin on the wing surface) and regions of melted 
paint. The forward portion of the cylindrical body is steel; this portion is 
well upstream of the region of interest (figs. 3 and 6(b)). 

A general form of the solution of the transient one-dimensional heat con- 
duction equation may be expressed as 


h ^tp(. 




( 1 ) 


where tp^, is the time at which the phase change occurs, pck is the product 
of thermophysical properties of the model surface material, and f is a tran- 
scendental function of the phase change temperature Tp^, the surface initial 
temperature T^, and the adiabatic wall temperature T^^,. The function f has 
been plotted by Jones and Hunt and is available in reference 19. 

In order to obtain reliable values of h using this technique, the phase 
change time tp^, should be large ccxnpared with the model injection time and 
small compared with the thermal diffusion time of the model material. The 
second criterion was met during all of the subject test runs. However, because 
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of very high local heating rates, local melting of the paint frequently occurred 
before the model reached the tunnel flow center line (0.3 sec is required for 
the model to pass through the tunnel wall shear flow and reach the center line). 
In these cases, the phase change paint technique is valuable for ascertaining 
the precise location of high local heating rates, but the uncertainty in the 
quantitative value calculated for h may be as large as 30 percent. (See 
ref. 23.) For model exposure times of 1 sec or more, the uncertainty in the 
value of h associated with the error in tp^ is less than 5 percent. The 
great majority of the data presented herein are for exposure times consider- 
ably larger than 1 sec. The variation of i/pck for silicone rubber material 
with a surface temperature taken as equal to Tp<, is plotted in figure 7 
(calculated by a method described in ref. 25) for an initial model surface 
temperature of 296 K. The dependence of /pck on Tp^, varies slightly with 
T^ for the silicone rubber. Although small, this variation was included in 
the reduction of the data presented in this paper. 

For accurate values of h, small values of T^/Tg^^ are also desirable. 

The adiabatic wall temperature values used in this paper are calculated using 
a turbulent recovery factor, 0.72^/^. Oblique shock relations (ref. 26) are 
used to calculate the inviscid-flow static temperature rise across the elevon- 
generated shock wave. Values of Tg^^/T^/ calculated in this manner, are listed 
in table III. The large running length Reynolds numbers, except near the out- 
board tip of the 70° wing, justify the assumption of turbulent boundary-layer 
flow over most of the region of interest. More thorough discussions of the 
uncertainties inherent in the phase change coating technique are available in 
references 19 to 23. The wing elevon model was designed to minimize these 
uncertainties and avoid the need for corrections to the values of h calcu- 
lated from the data (ref. 22) . 


TABLE III.- Tg„/Tt VALUES 

[Tgw/Tf = 0.9089 on all wing surfaces and on end plate 
surface upstream of elevon-generated shock wav^ 


Elevon 

Value of Tg^^/Tt on elevon surface and 

deflection 

on portion of end plate surface 

angle, e. 

downstream of elevon-generated 

deg 

shock wave 

0 

0.9089 

10 

.9158 

20 

.9279 

30 

.9459 


Model surfaces alined with the free-stream direction are covered with one 
phase change temperature paint. Because of the higher heating rates anticipated 
on the elevon surface, higher temperature phase change paints are used to cover 
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the eleven surface. Strip recorders were used to record the tunnel flow stagna- 
tion pressure and temperature during each run. These values remain essentially 
constant during a run. 


PRESENTATION OF EXPERIMENTAL RESULTS 

Tracings of melt lines from many motion-picture frames of the phase change 
coating on a configuration are superimposed to obtain contours of equal and con- 
stant heat transfer coefficients for the configuration. Sample tracings for the 
unswept wing configuration with no elevon deflection are shown in figure 8. For 
no elevon deflection, the heating varies only slightly over the aft portion of 
the flat plate surface. The very small gradients in the surface heating lead to 
considerable uncertainty in the location of a constant heat transfer coeffi- 
cient contour, and the jagged contours in figure 8(a) are thus produced. A com- 
parison of motion pictures from different tunnel runs shows the variations in 
the melt lines to be random and not a function of tunnel flow conditions or 
initial model temperature. The variations in melt lines are attributed to min- 
ute variations in the thickness of the thin coat of paint sprayed on the model. 

A more realistic and usable presentation of the results, particularly for cases 
of small heat transfer coefficient gradients, is obtained by fairing smooth 
lines through the observed jagged melt lines (fig. 8(b). These experimental 
values of heat transfer coefficient are ccxnpared in figure 9 with theoretical 
predictions calculated using (1) the methods of Anderson and Lewis (ref. 27), 

(2) that of Harris (ref. 28), and (3) the Van Driest II method (Hopkins, et al., 
ref. 29). The Van Driest II method for calculating skin friction is used in 
the integral method of reference 30 to obtain local heat transfer coefficients. 
The Anderson and Lewis method gives results that agree with the upstream por- 
tion of the data, but are about 12 percent above the data near the trailing 
edge of the plate. The Van Driest II method indicates good agreement with the 
downstream portion of the data, but falls below the upstream portion of the 
data. Harris' method (ref. 28) falls between the other two methods and agrees 
best with the data. 

Major changes in the heat transfer distributions on the wing, elevon, and 
inboard body surfaces are caused primarily by different elevon deflections. 
Results for undeflected elevens are presented first in the following discussion; 
results for 10°, 20°, and 30° elevon deflections are then presented. Effects 
of wing sweep and different inboard and outboard attachments are described for 
each elevon deflection angle. For each elevon deflection angle, results on the 
wing and elevon surfaces are presented before showing results on the end plate 
or cylindrical body surfaces. The data presented for various model configu- 
rations are indicated in table IV. Sample frames of the oil flow and phase 
change coating motion pictures are presented only for selected configurations. 
Results based on examination of the motion pictures for all of the configu- 
rations are included in the discussion of the experimental results in the 
following section. Constant heat transfer coefficient contours, hereafter 
referred to simply as "contours," are presented for all configurations for 
which they were obtained. 
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TABLE IV. ~ DATA PRESENTED FOR VARIOUS MODEL CONFIGURATIONS 


Attachments to wing 


0 None 

Large tip plate 
End plate 

End plate and large tip plate 

SO None 
50 End plate 

70 None 

Small tip plate 
Small tip fin 
End plate 

End plate and large tip plate 
Cylinder 

Cylinder and large tip fin 

0 None 

Large tip plate 
End plate 

End plate and large tip plate 
End plate with gap 

so None 
SO End plate 

, 70 None 

I Small tip plate 

I Small tip fin 

End plate 

End plate and large tip plate 

End plate with gap and large tip plate 

Cylinder 

Cylinder and large tip fin 

0 None 

Small tip plate 
Large tip plate 
End plate 

End plate and large tip plate 
End plate with gap 

SO None 
SO End plate 

70 None 

Small tip plate 
Small tip fin 
End plate 

End plate and large tip plate 
End plate with gap 

End plate with gap and large tip plate 
Cylinder 

Cylinder and large tip plate 
Cylinder and large tip fin 

0 None 

Small tip plate 
Large tip plate 
End plate 

End plate and large tip plate 
End plate with gap 

so None 
50 End plate 

70 None 

Small tip plate 
Small tip fin 
End plate 

End plate and large tip plate 
End plate with gap 

End plate with gap and large tip plate 
Cylinder 

Cylinder and small tip fin 

Cylinder and large tip plate 

Cylinder and large tip fin 


1 Figure numbers 

Sample oil 

Heat transfer 

flow and phase 

contours on 

change coating 

wing and elevon 

photographs 

surfaces 
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8 


8 


8 


10 


10 


11 


11 


11 


11 

13 

11 


12 

15, 16 

12 


18 


18 


19 


20 


18 


21 


22 


23 


23 


24 

1 

25 

; 2B 

26 


26 


27 

31 

27 


33 


33 


33 


33 

41 

33 


33 


34 

42 

34 


35 


35 


36 


38 


38 


37 


37 


39 


40 


40 

46 

47 


47 


47 

49, 70 

51 

50, 71 

51 

75 

48, 51 


52 

S3, 72 

54 

55 

56 


58 

57 

58 

59 

61 

63 

64 

60, 76 

61 


62 

65 

69 

66 


68 

69 

67, 80 

69 




body surfaces 



Notice from table IV that contours for several different configurations 
are frequently presented in one figure. This indicates that the contours for 
those configurations were all essentially the same. For example, if the con- 
tours on the wing and elevon surfaces are the same whether or not a tip plate 
is attached to the wing, then the contours are shown in the same figure, and 
the location of the attachable tip plate is indicated by dashed lines. For 
contours on the elevon surface, the true view of the elevon surface is always 
shown instead of projecting the deflected elevon surface onto the plane of the 
wing. The projection of the elevon surface on the end plate and cylindrical 
body surfaces is indicated. In certain instances, the words "hot" and/or 
"cold" are shown on the contour plots to indicate regions of relatively high 
heating and relatively low heating. 


Elevon Deflection Angle of 0° 

Contours on the unswept wing and undeflected elevon surfaces are shown in 
figure 8. The contours are essentially the same whether or not the large tip 
plate and/or the end plate are attached to the wing. The contours for the 50° 
and 70° swept wings parallel the wing leading edge on the outboard portions of 
the wings and are not affected substantially by either the end plate or the 
various wing tip attachments (figs. 10 and 11) . When the cylindrical body is 
attached to the 70° wing, a hot streak occurs on the wing and elevon near the 
body (fig. 12) . The addition of the large tip fin does not materially change 
the contours. On the outboard portion of the wing, the heating distribution 
is similar to that for the 70° wing without the cylindrical body. 

Oil flow on the end plate surface (fig. 13) indicates the streamwise 
nature of the flow on the silicone rubber portion of the surface. Contours on 
the end plate surface parallel the 70° swept leading edge of the end plate and 
are essentially unaffected by either wing sweep or the large tip plate attach- 
ments (fig. 14). The oil flow on the cylindrical body surface accumulates 
along the tangency line between the cylindrical and planar portions of the body 
(fig. 15). However, the heating contours on the silicone rubber portion of the 
cylindrical body parallel the body ridge line, which is similar to the blunt 
leading edge of a highly swept wing (figs. 16 and 17). The contours on the 
body surface are not affected by the addition of a tip fin. 


Elevon Deflection Angle of 10° 

Contours of equal heat transfer coefficient values on the unswept wing 
and 10° elevon surfaces are presented in figures 18 to 20. Without attach- 
ments, the downstream two-thirds of the elevon surface indicates a slight 
decrease in heating. The contours remain essentially the same when either 
the large tip plate or the end plate with a 0.64-cm gap are attached to the 
wing (fig. 18). However, the contours change notably when the end plate is 
attached with no gap between it and the elevon (fig. 19) . Further significant 
changes in the heating distribution occur when both the end plate and large tip 
plate are attached (fig. 20) . Attaching the end plate also alters significantly 
the heating contours on the 10° elevon on the 50° swept wing (figs. 21 and 22). 
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Contours for the 70° wing and 10° elevon are shown in figures 23 to 27. 

As indicated by the dashed contours lA and 2A in figure 23, attaching the small 
tip plate increases the extent of the region of high heating rates but does not 
affect the other contours. The contours are altered when the small tip plate 
is replaced by the small tip fin (fig. 24) , and the heating distribution is 
changed considerably when the end plate is attached to the wing (fig. 25) . Only 
the inboard region of highest heating (contours 1 and lA, fig. 26) is affected 
by a gap when both the end plate and large tip plate are attached to the wing. 
When the cylindrical body is attached to the wing (fig. 27), the contours on 
the wing and elevon remain unchanged whether or not the large tip fin is also 
attached. 

The oil accumulation line evident in figure 28 demarcates approximately 
the extent of the region of increased heating on the end plate caused by the 
elevon (fig. 29). The contours on the end plate are not affected noticeably 
by wing sweep nor by whether or not the large tip plate is attached to the wing. 
However, the heat transfer and the extent of increased heating are reduced when 
there is a gap between the elevon and end plate (fig. 30) . The oil accumula- 
tion line on the cylindrical body surface (fig. 31) demarcates the region of 
increased heating on the body (fig. 32) ; the oil pattern and the heating dis- 
tribution are not affected by attaching the large tip fin to the wing. 


Elevon Deflection Angle of 20° 

Heating distributions on the various wing and 20° elevon surfaces are 
presented in figures 33 to 40. Contours on the unswept wing and 20° elevon 
(fig. 33) are approximately the same whether or not the small tip plate, the 
large tip plate, the end plate (with or without a gap) , or both the end plate 
and large tip plate are attached to the wing. As indicated in table IV, the 
contours shown in figure 33 represent the wing and elevon data for six differ- 
ent model configurations. The contours on the 50° wing and 20° elevon are 
similar with or without the end plate (fig. 34) . 

For the 70° wing, the small tip plate alters the regions of highest heat- 
ing (contours lA and 2A) on the elevon (fig. 35) . The small tip fin alters the 
contours on both the wing and elevon (fig. 36). The heating distribution on 
the elevon is also affected by the end plate and by whether or not there is a 
gap between the end plate and elevon (figs. 37 and 38J . With or without a gap 
between elevon and end plate, attaching the large tip plate increases the region 
of high heating on the outboard portion of the elevon (dashed contours lA, 2A, 
and 3A in figs. 37 and 38) . Contours on the wing and elevon with the cylindri- 
cal body attached are presented in figures 39 and 40. The effects of attach- 
ing either the large tip plate or the large tip fin are indicated in figure 40. 
The first two contours in figure 40 differ only slightly on the elevon sur- 
face when the plate is replaced by the fin; the third dashed contour, 3A 
(h = 350 W/m^-K) , shows an embedded region of high heating on the elevon. 

Oil flow patterns (figs. 41 and 42) and heating contours (fig. 43) on the 
end plate surface are not affected by wing sweep or the addition of the large 
tip plate. The extent of the region of increased heating on the end plate is 
reduced when there is a gap (fig. 44); the contours in this region are 
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unaffected by wing sweep and the addition of the large tip plate. Neither the 
large tip plate nor the large tip fin substantially affect the heating on the 
cylindrical body caused by the 20° eleven (fig. 45) . The heating pattern 
appears somewhat complex because several of the relatively high heating areas 
are separated by regions of lower heating. 


Eleven Deflection Angle of 30° 

The 30° eleven separates the flow ahead of the hinge line, as evidenced 
by the oil accumulation line in figure 46. The separation line curves toward 
the hinge line near the inboard and outboard edges of the eleven. Heating con- 
tours for this configuration are shown in figure 47. Also shown in figure 47 
are the changes in the contours caused by attaching either the small tip plate 
(contours lA, 2A, and 3A) or the large tip plate (contours IB, 2B, and 3B) . 
Contours on the unswept wing and 30° eleven when the end plate is attached with 
large gaps are shown in figure 48. For the 1.27-cm gap, the contours on the 
eleven are straight spanwise lines, similar to those shown in figure 47 for no 
attachments. The region of high heating increases on the inboard portion of 
the eleven for the 0.95-cm gap (contours lA and 2A) , and increases further for 
the 0.64-cm gap (contours IB and 28). Attaching the end plate and large tip 
plate prevents outflow from the separated flow region and results in straight 
oil accumulation lines near the attached plate (figs. 49 and 50). Heating con- 
tours on the unswept wing and 30° eleven when the end plate is attached with 
a 0.32-cm gap are presented in figure 51. The regions of relatively high heat- 
ing on the wing and eleven are increased inboard when the end plate is attached 
with no gap; these regions of heating are increased outboard when the large tip 
plate is also attached (contours lA, 2A, 3A, and 5A) . Heating contours on the 
50° wing and 30° eleven are presented in figure 52. An oil flow photograph of 

the wing and eleven with the end plate attached is shown in figure 53; heating 

contours for the same configuration are shown in figure 54. 

Separation ahead of the eleven on the 70° wing is evidenced by the oil 
accumulation line apparent in figure 55; the heating contours for the same 
configuration are presented in figure 56. The change' in the separation line 
caused by attaching the small tip fin is evident in figure 57. Contours on the 
wing and elevon with either the small tip plate or the small tip fin (con- 
tour 2A) are shown in figure 58. Separation locations when the end plate is 

attached with no gap or with a 0.64-cm gap are indicated by the oil accumula- 

tion lines in figures 59 and 60. The contours for these configurations are 
shown in figure 61 (contours lA and 2A indicate change caused by 0.64-cm gap). 
Contours on the wing and elevon with the large tip plate attached and with the 
end plate attached with various gaps are presented in figure 62. The smaller 
the gap, the larger the region of high heating on the inboard portion of the 
elevon (contours lA and 2A for 0.32-cm gap, contours IB and 2B for 0.64-cm 
gap) . An oil flow photograph and heating contours for the configuration with 
the large tip plate and end plate with no gap are shown in figures 63 and 64. 
Sample frames frean motion pictures showing the oil film flow on the 70° wing 
and 30° elevon surfaces, with the cylindrical body and various wing tip attach- 
ments, are presented in figures 65 to 68. Constant h contours for three of 
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these configurations are shown in figure 69. The large tip fin has essentially 
no effect on the heating distribution, but the large tip plate alters the con- 
tours (lA, 2A, and 3A in fig. 69) on the outboard portion of the elevon. (Sam- 
ple motion picture frames of phase change coating for one of these configura- 
tions were mentioned earlier and are shown in fig. 6.) 

Oil flow patterns and heating distributions on the end plate, for 30° ele- 
von deflections, are not substantially affected by the addition of the large 
tip plate or by wing sweep (figs. 70 to 73). (As indicated in table IV, the 
contours shown in fig. 73 represent the heating distributions on the end plate 
for five different configurations.) The extent of the region of heating on the 
end plate caused by the elevon is decreased when there is a gap, but is not 
affected by wing sweep (fig. 74) . Similarly, the oil accumulation lines occur 
further aft when there is a gap, but are at the same location whether the wing 
is unswept or swept 70° (figs. 75 and 76). The extent of the region of 
increased heating on the end plate diminishes with increasing gap size and is 
independent of wing sweep. In addition, the region of increased heating is not 
affected by whether or not the large tip fin is attached (figs. 77 to 79) . 

The oil accumulation line on the cylindrical body demarcates approximately 
the forward extent of heating caused by the 30° elevon (figs. 80 and 81) . The 
heating distributions on the body are not affected by attaching either the large 
tip plate or large tip fin (fig. 81) . 


DISCUSSION OF RESULTS 
Elevon Deflection Angle of 0° 

Planform and profile oil flow motion pictures were examined and revealed 
streamwise flow over the silicone rubber portions of the end plate, wing, and 
undeflected elevon (fig. 13). The streamwise nature of the flow is unaffected 
by wing sweep and remains unchanged when the end plate and/or tip plate are 
attached. Heating contours on the wing and elevon parallel the wing leading 
edges; the contours on the end plate parallel the swept leading edge of the end 
plate. Neither the end plate nor any tip attachment has any substantial effect 
on the heating distributions on the wing and undeflected elevon (figs. 8, 10, 
and 11) . The heating distribution on the end plate is not affected by wing sweep, 
nor is it affected by whether the large tip plate is attached to the wing 
(fig. 14). The experimental heating distribution on the unswept wing is com- 
pared with theoretical distributions in figure 9. 

The cylindrical body causes a small outboard component of the streamlines 
on the portion of the 70° wing near the body. A streak of relatively high heat- 
ing occurs near the body aM>roximately where the inviscid body shock would strike 
the wing surface. The heating distribution on the outboard portion of the 70° 
wing is not affected by the cylindrical body. (Cf. figs. 11 and 12.) The oil 
flow on the cylindrical body accumulates along the tangency line between the 
cylindrical and planar portion of the body (fig. 15) . The heating contours 
parallel the ridge line of the body (figs. 16 and 17) . 


Eleven Deflection Angle of 10° 


The 10° eleven on the unswept wing experiences a slight decrease in heating 
on the downstream surface (fig. 18). However, when the end plate is attached 
with no gap, the heating on the eleven is reduced considerably, and a streak of 
comparatively low heating appears on the inboard portions of the wing and eleven 
near the end plate (fig. 19). When both the end plate and large tip plate are 
attached, a region of relatively high heating appears on the wing just upstream 
of the hinge line (fig. 20). The region of high heating on the elevon occurs 
near the trailing edge in this case. Heating distributions on the elevon on 
the 50° wing are substantially different frc»n those on the unswept wing (cf. 
figs. 18 and 21) , and attaching the end plate causes large changes in the heat- 
ing distributions (cf. figs. 21 and 22). Attaching the end plate to the 50° wing 
increases the heating on the 10° elevon. The highest heating on the 10° elevon 
is experienced when it is on the 70° wing. This high heating region occurs on 
the outboard portion of the elevon, and the extent and location of this region 
are altered when either the small tip plate or small tip fin are attached 
(figs. 23 and 24) . The heating on the elevon is reduced when both the end plate 
and large tip plate are attached, but the heating is even lower when only the 
end plate is attached (cf. figs. 23 to 26). The heating distribution on the 
elevon is also changed substantially when the cylindrical body is attached to 
the wing (fig. 27) . In this case a streak of relatively high heating appears 
on the wing surface (similar to that experienced for no elevon deflections, 
cf. figs. 12 and 27). 

The 10° elevon causes an oil accumulation line to appear on the end plate 
surface (fig. 28) . This line forms a much larger angle with the free-stream 
direction than that predicted by inviscid shock theory, and downstream of the 
line the oil flow on the end plate parallels the oil accumulation line instead 
of the elevon surface, contrary to what would be anticipated using inviscid flow 
analyses (ref. 25) . The extent of increased heating on the end plate caused 
by the 10° elevon is demarcated approximately by the oil accumulation line 
(cf. figs. 28 and 29) . The heating and the extent of heating are reduced when 
there is a gap beween the end plate and elevon (fig. 30) . Neither sweeping the 
wing nor attaching the large tip plate affect the heating distributions on the 
end plate. With a 10° elevon, the cylindrical body experiences somewhat higher 
heating than the end plate (cf . figs. 29 and 32) . 


Elevon Deflection Angle of 20° 

Planform oil flow motion pictures give no indication of flow separation 
ahead of the 20° elevon for any configuration tested. Heating distributions 
on the elevon are similar for both the unswept and 50° wings. For both wings 
the heating is highest on the aft portion of the elevon, and the heating contours 
are independent of whether or not the end plate and large or small tip plates 
are attached (figs. 33 and 34). A large change in the heating distribution 
occurs when the elevon is on the 70° wing (figs. 35 to 38) . The heating on the 
elevon is much higher for the 70° swept wing, with the highest heating occur- 
ring on the forward portion of the elevon. Further, for the 70° wing, the end 
plate and the various tip attachments strongly affect the heating distributions 
(figs. 35 to 38) . The cylindrical body results in regions of high heating on 
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the portions of the wing and elevon near the body. Heating distributions on 
the 20° elevon are changed significantly when either the large tip plate or 
large tip fin are attached in addition to the cylindrical body (figs. 39 
and 40) . 

Oil accumulation lines on the end plate are at a considerably larger angle 
with the free-stream direction than the shock-wave angle for a 20° flow deflec- 
tion (ref. 26). Downstream of the lines, the surface flow on the end plate 
parallels the oil accumulation lines instead of following the elevon surface 
direction (figs. 41 and 42).. The lines demarcate approximately the region of 
increased heating on the end plate caused by the elevon (cf . figs. 41 to 43) . 
The oil patterns and heating distributions on the end plate are not affected 
by sweeping the wing or by attaching the large tip plate. The reduced extent 
of increased heating when there is a gap (cf. figs. 43 and 44) is also unaf- 
fected by wing sweep and the addition of the large tip plate. Maximum heating 
on the end plate near the 20° elevon is approximately the same as that on the 
cylindrical body (cf. figs. 43 to 45) . 


Elevon Deflection Angle of 30° 

The 30° elevon forces flow separation and increases the heating on the wing 
surface upstream of the hinge line. High heating is experienced on the elevon 
in the vicinity of flow reattachment downstream of the hinge line. Attaching 
the end plate and/or large tip plate prevents venting of the separated flow 
region on the side adjacent to the attached plate. This results in a more 
nearly constant extent of separation and somewhat larger regions of high heating 
on the wing and elevon in the vicinity of the attached plate (figs. 46 to 51) . 
However, for end plate-elevon gaps greater than 0.5 cm, the end plate does not 
affect the heating distribution on the wing (figs. 48 and 51). 

Separation lines and heating contours upstream of the hinge line on the 
swept wings are not symmetric about the elevon midspan line. The streamwise 
extent of separation is smaller, but the heating is greater on the outboard 
portion than on the inboard portion of the swept wings. This effect is more 
pronounced for the 70° wing than for the 50° wing (figs. 52 to 56) . Heating 
contours on the elevon are fairly symmetric about the elevon midspan line for 
the 50° wing, but indicate higher heating on the outboard portion of the elevon 
than on the inboard portion for the 70° wing (figs. 52 and 56). Attaching the 
end plate or the small tip plate increases the high heating region on the portion 
of the elevon adjacent to the attached plate (figs. 54, 58, and 61). Attaching 
the end plate with a gap and the large tip plate yields similar results 
(fig. 62). However, when the end plate with no gap and large tip plate are 
both attached, thereby preventing any spanwise venting of the separated flow, 
the highest heating on the elevon occurs only adjacent to the attached plates 
and not along the hinge line. The aft portion of the elevon experiences higher 
heating than the forward portion in this case (fig. 64). 

The oil accumulation line on the 70° wing surface is highly asymmetric 
when the cylindrical body is attached to the model (figs. 65 to 68) . The extent 
of the region of increased heating on the wing is demarcated approximately by 
the oil accumulation line (cf. figs. 65 and 69) . The heating contours on the 
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eleven are also highly asymmetric. The highest heating regions are near the 
cylindrical body and near the large tip plate, when it is attached (fig. 69) . 

Whether there is no gap (figs. 70 to 73) or whether there is a gap 
(figs. 74 to 79), wing sweep and wing tip attachments do not substantially 
affect either the oil flow pattern or the heating distribution on the end 
plate. Again, the oil accumulation lines demarcate the regions of increased 
heating on the end plate. Both the magnitude and extent of increased heating 
on the end plate are reduced when there is a gap. The maximum heating on the 
cylindrical body is comparable to that on the end plate when there is a gap; 
it is less than the maximum heating on the end plate when there is no gap. 
(Cf. figs. 73, 74, 77 to 79, and 81.) 


CONCLUDING REMARKS 

Data are presented on basic, flat plate configurations for which there are 
important three-dimensional separated flow effects that are not predictable 
using current theoretical methods. The configurations are representative of 
the fuselage-wing-elevon portions of hypersonic aircraft. The data, obtained 
for Mach 6 flow and a wing root chord Reynolds number of approximately 17 x 10®, 
can be used to guide analyses of flap or elevon-induced heating on adjacent 
surfaces of hypersonic aircraft for similar geometries and flow conditions. 

The heat transfer coefficients on the unswept wing and undeflected eleven 
surfaces approximate those predicted by current analytical methods (refs. 26 
to 29) . Constant heat transfer coefficient contours for undeflected elevens 
parallel the wing and end plate leading edges on these surfaces and the ridge 
line on the cylindrical body. 

Neither 10° nor 20° eleven deflections have substantial effects on the wing 
surface flow or heating distribution. Heating disributions on the 10° eleven 
surface depend strongly on wing sweep and whether or not the end plate or the 
cylindrical body are attached to the wing. Heating distributions on the 
20° eleven surface depend weakly on whether the wing' is unswept or swept 50° 
and are insensitive to an attached end plate for these wing sweeps. However, 
the heating distribution on the 20° eleven surface on the 70° swept wing dif- 
fers greatly from that on the unswept or 50° swept wings. Thus, in certain 
instances, the heating distributions depend strongly on the geometric param- 
eters varied in this study. 

The 30° eleven separates the flow from the wing surface upstream of the 
hinge line; heat transfer to the wing is substantially increased in the sep- 
arated flow region. The extent of separation is asymmetric about the eleven 
midspan line for the swept wings; the asymmetry is particularly pronounced 
when the cylindrical body is attached to the 70° swept wing. Heating distri- 
bution patterns on the 30° eleven depend on wing sweep and on whether or not 
a plate or body is attached to the model. The maximum heat transfer observed 
on the 30° eleven is ccxnparable to the maximum value observed on the 20° eleven, 
but the distributions differ substantially. 
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Regions of increased heating on the end plate, induced by the deflected 
elevens, are considerably larger than use of inviscid-flow elevon shock-wave 
angles would suggest. The surface flows in these regions parallel the oil 
accumulation lines (vrtiich closely approximate the extents of the regions of 
increased heating) and not the deflected elevon surface direction. The heat- 
ing distributions on the end plate are not significantly affected by sweeping 
the wing or by attaching a tip plate or tip fin. However, the extent of the 
region of increased heating diminishes substantially with increasing gap size 
between the elevon and end plate surface. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
April 21, 1978 
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Figure 2.- Sketch of wing and 
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SILICONE RUBBER 



Figure 3.- Sketch of cylindrical body attached to 70° wing. Linear dimensions are in 
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L-76-5853 

Figure 5.- Photographs of wing elevon model cxDnf iguration; 70° wing with cylindrical 

body, large tip fin, and 20° elevon. 










Figure 6.- Concluded. 






Variation of \|pck for silicone rubber material with 
surface temperature for = 296 K. 
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ANDERSON AND LEWIS (REF. 27) 



Streamwise distributions of heat transfer coefficients on wing 
and elevon surfaces. A = 0° and e = 0°. 



END PLATE 









CYLINDRICAL BODY 



[ure 12.- Constant heat transfer coefficient contours on wing and elevon surfaces. e = 0^ 
A = 70°; and cylindrical body attached. Contours shown for two configurations; with and 
without large tip fin. L. E. denotes leading edge. 
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Figure 13.- Frame frcan profile oil film flow motion picture showing end plate surface. 

e = 0°; A = 70°; large tip plate attached. 




Figure 14.- Constant heat transfer coefficient contours on end plate surface, e = 0°. Contours 
shown for five configurations; A = 0° with and without large tip plate, A = 50° without 
large tip plate, and A = 70° with and without large tip plate. 
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70°; large tip fin attached. 
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Figure 17.- Constant heat transfer coefficient contours on cylindrical body surface, e = 
and A = 70°. Contours shovm for two configurations: with and without large tip fin. 
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Figure 19.- Constant heat tr 
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END PLATE 
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END PLATE, GAP = 0.64 CM 
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Figure 28.- Frame from profile oil film flow motion picture showing end plate 
surface, e = 10°; A = 70°; large tip plate attached. 
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Figure 29.- Constant heat transfer coefficient contours on end plate surface. e = 1 
Contours shown for five configurations: A = 0° with and without large tip plate 

A = 50° without large tip plate, and A = 70° with and without large tip plate. 
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Figure 30.- Constant heat transfer coefficient contours on end plate surface, e = ^ 
0. 64-cm gap between end plate and eleven. Contours shown for two configurations 
A = 0° without large tip plate and A = 70° with large tip plate. 
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Figure 32,- Constant heat transfer coefficient contours on cylindrical body surface 
e = 10° and A = 70°. Contours shown for two configurations: with and without 

large tip fin. 
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Figure 33.- Constant heat transfer coefficient contours on wing and elevon surfaces, 
e = 20° and A = 0°. Contours shown for six configurations; with no attachment 
with small tip plate, with large tip plate, with end plate (g = 0 cm), with end 
plate (g = 0.64 cm), and with end plate and large tip plate. 
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Figure 35.- Constant heat transfer coefficient contours on wing and elevon surfaces 
e = 20° and A = 70°. Contours shown for two configurations: with and without 

small tip plate. lA and 2A indicate changes caused by small tip plate. 







END PLATE ( g = 0.64 CM) 



lure 37.- Constant heat transfer coefficient contours on wing and ele’ 
€ = 20°; A = 70°; end plate attached with 0.64-cm gap between end p! 
Contours shown for two configurations; with and without large tip p: 
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L-78-58 

Figure 42.- Frame from profile oil film flow motion picture showing end plate surface. 

c = 20° and A = 50°. 
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igure 43.- Constant heat transfer coefficient contours on end plate surface. 
e = 20°. Contours shown for five configurations: A = 0° with and without 

large tip plate, A = 50° without large tip plate, and A = 70° with and 
without large tip plate. 
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Figure 44.- Constant heat transfer coefficient contours on end plate surface 
e = 20°; 0. 64-cm gap between end plate and eleven. Contours shown for 
three configurations; A = 0° without large tip plate and A = 70° with 
and without large tip plate. 
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Figure 45.- Constant heat transfer coefficient contours on cylindrical body surface 
e = 20° and A = 70°. Contours shown for three configurations: with no tip 

attachment, with large tip plate, and with large tip fin. 
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L-78-59 

Figure 46.- Frame from planform oil film flow motion picture showing wing and elevon surfaces. 

e = 30° and A = 0°. 
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Figure 49.- Frame frcxn planform oil film flow motion picture showing wing and elevon s^ur'faces. 

e = 30°; A = 0°; end plate attached. 
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Figure 50.- Frame from planform oil film flow motion picture showing wing and elevon 

e = 30°; A = 0°; end plate and large tip plate attached. 
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Figure 51.- Constant heat transfer coefficient contours on wing and elevon surfaces, 
e = 30°; A = 0°; and end plate attached. Contours shown for three configurations; 
end plate attached (g = 0.32 cm), end plate attached (g = 0 cm), end plate (g = 0 cm) 
and large tip plate attached. 
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L-78-63 

Figure 55.- Frame from planform oil film flow motion picture showing wing and elevon surfaces 

e = 30° and A = 70°. 
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L-78-64 

Figure 57.- Frame from planform oil film flow motion picture showing wing and elevon surfaces. 

e = 30°; A = 70°; small tip fin attached. 
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Figure 60.- Frame frcan planform oil film flow motion picture showing wing and elevon 
e = 30°; A = 70°; end plate attached with 0.64-cm gap between end plate and el 
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L-78-68 

Figure 65.- Frame from planform oil film flow motion picture showing wing and elevon surfaces. 

G = 30°; A = 70°; cylindrical body attached. 
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L-78-71 

Figure 68.- Frame from planform oil film flow motion picture showing wing and elevon surfaces, 
e = 30°; A = 70°; cylindrical body and large tip plate attached. 
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Figure 70.- Frame from profile oil film flow motion picture showing end plate surface 

e = 30° and A = 0°. 
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Figure 71.- Frame from profile oil film flow motion picture showing end plate surface. 

c = 30°; A = 0°; large tip plate attached. 
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Figure 12 '.- Frame from profile oil film flow motion picture showing end plate surface. 

e = 30° and A = 50°. 
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large tip plate, A = 50° without large tip plate, and A = 70° with and 
without large tip plate. 
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igure 75.- Frame from profile oil film flow motion picture showing end plate surface, 
e = 30°; A = 0°; 0. 64-cm gap between end plate and eleven. 
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Figure 76.- Frame from profile oil film flow motion picture showing end plate surface, 
e = 30°; A = 70°; 0. 64-cm gap between end plate and eleven. 
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e = 30°; 0. 64-cm gap between end plate and eleven. Contours shown for three 
configurations: A = 0° with no tip attachment and A = 70° with and without 
large tip plate. 
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two configurations; A = 0° with no tip attachment and A = 70° with large 
tip plate. 
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L-78-77 

Figure 80.- Frame from profile oil film flow motion picture showing cylindrical body surface. 

e = 30°; A = 70°; large tip fin attached. 
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Figure 81.- Constant heat transfer coefficient contours on cylindrical body surface 
e = 30° and A = 70°. Contours shown for three configurations: with no tip 

attachment, with large tip plate, or with large tip fin. 
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